Arthrobacter pyridinolis is very limited in its ability to use hexoses and other carbohydrates as sole source of carbon for growth. D-Fructose and L-rhamnose were the only hexoses tested which the organism could utilize without some special growth conditions. D-Galactose, D-mannose, sorbitol, D-mannitol, L-fucose, lactose, D-xylose, D-ribose, and L-arabinose did not support growth (M. E. Sobel and T. A. Krulwich, unpublished data). D-Glucose and some a-glucosides could be used for growth, but only after a period of Since growth on D-fructose occurred without prior growth on any particular compounds, it appeared likely that transport of this hexose might occur via some mechanism different from that for D-glucose transport. We now report the finding of a phosphoenolpyruvate (PEP): D-fructose phosphotransferase which is associated with D-fructose transport and metabolism in A. pyridinolis. The pathway for D-fructose catabolism, which resembles that found in Aerobacter aerogenes and some other species (1), is described.
MATERIALS AND METHODS
Bacteria and growth conditions. A. pyridinolis (obtained from Jerald C. Ensign, University of Wisconsin) was used for all studies. The growth conditions and mineral medium (MS) have been described previously (9, 22) . Carbon sources were added to MS from separate sterile solutions to a final concentra-SOBEL AND KRULWICH tide phosphate, adenosine-5'-triphosphate (ATP), phosphohexose isomerase, and glucose-6-phosphate dehydrogenase were obtained from BoehringerMannheim Corp. Rabbit muscle aldolase, a-glycerophosphate dehydrogenase-triose phosphate isomerase, D-fructose-1, 6-diphosphate, D-fructose-iphosphate, D-fructose-6-phosphate, chloramphenicol, lysozyme, and PEP were purchased from Sigma Chemical Co. Ethyl methanesulfonate was from Eastman Organic Chemicals, and penicillin G was from Calbiochem. All other chemicals were obtained commercially at the highest purity available.
Enzyme assays. Crude extracts were prepared by sonic disruption of washed cells as previously described (22) . Before they were used for enzyme assays, the extracts were dialyzed against the same buffer in which they were prepared. PEP: hexose phosphotransferase activity for 1-fructose or Dglucose was determined by the method of Tanaka, Lemer, and Lin (20) with 2 mm hexose. Samples from the reaction mixture were spotted on diethylaminoethyl-cellulose discs (11) . The discs were washed exhaustively with water and then dried. The radioactivity was measured by scintillation counting. This assay was linear with both time and enzyme concentration in the ranges employed. )-Fructose-i-phosphate kinase and D-fructose-6-phosphate kinase (EC 2.7.1.11) were assayed by the method of Sapico et al. (16) The filters were washed with 10 ml of cold MS and were then dried. The radioactivity was measured as previously described (22) . Because some of the strains used in these experiments could metabolize 1-fructose and others could not, some of the data partially reflect incorporation as well as transport of 1-fructose. Accordingly, no attempts were made to calculate kinetic parameters or to draw precisely quantitative comparisons of uptake when this procedure was used. 
RESULTS

Cells of A. pyridinolis grown on D-fructose
but not on other carbon sources, such as L-glutamate, contained PEP: n-fructose phosphotransferase activity. The PEP dependence of the reaction could be demonstrated in crude cell extracts only after the extracts had been dialyzed for 3 hr against 0.05 M tris(hydroxymethyl)aminomethane (Tris) buffer, pH 7.6. In such dialyzed extracts, the specific activity of the PEP: D-fructose phosphotransferase was 2.3 nmoles per min per mg of protein. When ATP was substituted for PEP in the reaction, less than 1% of the activity was observed. To determine what the phosphorylated product of the PEP-dependent reaction is, we carried out a reaction in which a high concentration of extract protein was used as described by Patni and Alexander (13) . After the reaction mixture was deproteinized, it was assayed for n-fructose-i-phosphate and n-fructose-6-phosphate. The assay and controls for n-fructose-i-phosphate were those used for the determination of D-fructose-i-phosphate kinase with the addition of extract from fructose-grown cells (a source of D-fructose-i-phosphate kinase) and the omission of D-fructose-i-phosphate (13) . The assay for D-fructose-6-phosphate was that used for D-fructokinase in which the deproteinized extract is substituted for the D-fructose and ATP. Only D-fructose-i-phosphate was detected, and the amount formed was 2.1 nmoles per min per mg of protein.
A fractionation experiment was then conducted to determine whether both membrane- pyridinolis by sonic disruption in 0.05 M Tris buffer, pH 7.6. The F and G extracts contained 12.6 and 16.5 mg of protein/ml, respectively. A portion (3 ml) of each extract was fractionated into supernatant and pellet fractions after centrifugation at 150,000 x g for 2 hr. The pellets were resuspended in 3.0 ml of 0.05 M Tris buffer, pH 7.6. The protein concentrations of the fractions were: F supernatant, 6.8 mg/ml; F pellet, 6 .4 mg/ml; G supernatant, 11 .0 mg/ml; G pellet, 10 .0 mg/ml. The whole extracts and indicated combinations of fractions were assayed for PEP: D-fructose phosphotransferase activity in a reaction mixture with a total final volume of 1.0 ml as described in Materials and Methods.
"The amount of each fraction assayed was 50 Mliters.
c Nanomoles per minute per reaction mixture.
tose-grown cells and contained higher levels of D-glucokinase.
The results above suggested that the pathway for D-fructose catabolism is via formation of D-fructose-1-phosphate followed by phosphorylation to produce D-fructose-1,6-diphosphate. If so, it was anticipated that mutants deficient in either of the enzymes catalyzing those reactions would be unable to grow on D-fructose while retaining a normal ability to utilize 1-glucose (i.e., after a period of growth on a compound such as L-malate). Mutants deficient in FDPase would also be expected to have lost the ability to grow on D-fructose. Whether or not such mutants could utilize D-glucose would depend upon whether Krebs cycle intermediates could still support growth sufficiently well to facilitate induction of the transport system for D-glucose. The enzyme contents of extracts from several mutants having a reduced ability to grow on D-fructose were examined ( Table 3 ). The growth of these strains on n-fructose (0.05 M), L-malate (0.015 M), and L-malate (0.015 M) plus n-glucose (0.05 M) is shown in Fig. 3 . Strain AP104 is typical of many isolates with reduced levels of both n-fructose-i-phosphate kinase and PEP: D-fructose phosphotransferase. In some of these strains, one of the two activities was reduced to a greater extent than the other. AP104 and the other strains with low levels of fructose-i-phosphate kinase activities were all unable to grow on D-fructose. They retained a normal ability to grow on L-malate and to utilize D-glucose after a period of growth on L-malate. AP9 is a mutant strain which produces about 10% of the wild-type levels of FDPase during growth on L-glutamate plus D-fructose. AP9 was completely incapable of growth on D-fructose, but was capable, after a lag, of limited growth on L-malate at a rate less than one-half the rate of growth of the wild-type strain on L-malate. The growth data depicted in Fig. 3 suggest that AP9 is able to utilize D-glucose.
A 2, 4, 17, 19-21) . Also, as in other organisms, the PEP:D-fructose phosphotransferase activity of A. pyridinolis requires both membrane-associated and soluble components. For full activity, the membrane and soluble fractions must both be from D-fructose-grown cells. These data suggest the presence of a system similar to those involved in D-fructose phosphorylation in A. aerogenes (4) and in hexose phosphorylation in Staphylococcus aureus (18) , both of which require inducible components in both the membrane-associated and soluble fractions. We are beginning a study to determine how many components are involved in the PEP-dependent phosphorylation of Dfructose in A. pyridinolis and to determine which of these components is inducible. The finding of a PEP: D-fructose phosphotransferase in A. pyridinolis is consistent with our initial expectation that D-fructose is transported by a mechanism different from that for D-glucose transport in this organism. Surprising perhaps is the fact that A. pyridinolis is a strict aerobe and therefore might not be expected to have a PEP: hexose phosphotransferase system (15) . A. pyridinolis might be exceptional in this respect, or perhaps possession of a PEP-phosphotransferase system for 2-deoxyglucose, which was used by Romano et al. (15) in their screening, is more closely correlated with facultative growth than possession of such a system for D-fructose phosphorylation. (14) .
The precise metabolic lesion(s) in mutant strain AP2 and in other strains with a similar phenotype is not yet known. The mutation might be in a Krebs cycle or anaplerotic enzyme or in some step directly involved in energy production. These strains grow poorly on Krebs cycle intermediates and fail to utilize D-glucose after a period of growth on compounds such as L-malate. This suggests that the requisite transport chain or energy (or both) that L-malate normally supplies for subsequent transport of D-glucose is not adequately produced in these mutants. The role of metabolic energy and transport chains (5-7) in the uptake of sugars by mechanisms other than the PEP: hexose phosphotransferase system is well documented. The growth of AP2 on D-fructose at a rapid rate after a very long lag further suggests that an impairment of PEP production may exist in this mutant; the resulting insufficiency of PEP could affect the initial utilization of D-fructose in a manner analogous to effects on hexose utilization seen in D-fructose-6-phosphate kinaseless mutants of Escherichia coli (8) . The augmentation of D-fructose uptake by L-glutamate-D-fructose-grown cells over that by D-fructose-grown cells (Fig. 2) could indicate that compounds feeding into the Krebs cycle are normally one of the sources of PEP for the phosphotransferase reaction in A. pyridinolis.
